IN a previous paper (Thomlinson, 1960) a preliminary report was made on the influence of oxygen on the effect of irradiation on the benzopyrene-induced fibro-sarcoma, RIB5, in rats. This work has been extended to cover a wider range of doses administered under a greater variety of conditions of oxygenation.
APPARATUS AND TECHNIQUE
Few changes have been made to the technique previously described (Thomlinson, 1960) . The radiation has been given with the same Marconi Industrial Model 250 kv X-ray set. The spherical " Perspex " pressure vessel has been replaced by hemispherical vessels with flat metal base plates ( Fig. 1 and 2 ). This has enabled dental radiographic plates, 3 X 4 cm., to be placed outside the chamber in a " Perspex " covered recess in the base plate so as to lie in the vertical axis of the chamber immediately below the tumour. The internal environment of the pressure vessels was controlled as described in the previous paper except that now the thick " Dural " base-plate was heated by electric elements which came under the same thermostatic control as the incoming gases to maintain a temperature of 290 C.
A 2 ml. syringe was attached to the treatment couch in such a way that additional barbiturate could be injected intraperitoneally, when necessary, from outside the chamber. The rat was placed on this couch, which could be moved up and down, in such a way that the tumour lay in the vertical axis of the chamber immediately beneath a hole, 1 inch in diameter, in a fixed lead ring. This lead protected the tissues adjacent to the tumour from radiation, whilst the remainder of the animal was protected by a larger lead ring, with a similar hole, attached to the head of the X-ray set. The two rings collimated the beam, which was continuously monitored.
Tumours were made anoxic by occluding the circulation with a U-shaped "Perspex" clamp which, by means of spring loaded inflatable rubber jaws, maintained an even pressure on the two layers of skin at all points between the tumour and the remainder of the animal. Anoxia of the tumour has been confirmed by N. T. S. Evans using a polarographic oxygen electrode. EXPLANATION Thomlinson and Craddock. VOl. XXI, NO. 1.
RESPONSE OF EXPERIMENTAL TUMOUR TO X-RAYS

PROCEDURE
For each experiment a number of different conditions of oxygenation and doses of radiation were chosen, amounting usually to some four to seven modes of treatment, six tumours being allotted to each. The order in which the individual treatments were to be given was taken from a table of random numbers and the tumours were treated in this order as they reached the standard size of 8-10 mm. diameter. This fibrosarcoma, RIB5, remained within the range for one day only.
The animals were anaesthetised with sodium amytal. When the tumour was to be made anoxic for the irradiation, the clamp was applied fifteen minutes beforehand. The tumours were aligned in the axis of the X-ray beam without traction or support except when the clamp was used in the anoxic cases. Wheni animals were to breathe gases other than air, they were placed in the chamber which was flushed, after closure, with twelve changes of the appropriate gas. The pressure was then raised when desired and a period of thirty minutes allowed for equilibration.
The combination of the breathing of oxygen at 4 atm. pressure and anaesthesia, when the latter has depressed the respiration rate below 40 per minute. has occasionally led to a syndrome of respiratory distress. This is characterised by pulmonary oedema and may lead to death or slow recovery from the anaesthesia which is followed by the development of spastic paraplegia.
Radiographs of the tumour were made immediately before and after the irradiation. The ambient temperature, gas pressure, gas flow and the respiration rate of the animal were recorded. After the irradiation the pressure within the chamber was allowed to return to normal over a period of about two minutes.
In the previous report (Thomlinson, 1960) Thomlinson, 1961 (Denekamp, 1966, personal communication) . Ancillary procedures, such as the administration of amylobarbitone, the iniduction of anoxia in tumours by applying the clamp and the breathing of oxygen at high pressure altered the time taken by tumours in unirradiated animals to grow from 9 mm. to 25 mm. by very little (Table II) . The response of the tumour to irradiation with air breathing altered in 1960. coinciding with the change of pressure chambers, but changed little during the subsequent period (Table III) . The results of all single doses of radiation given under different conditions are set out in Table IV . " Oxygenation " refers to the partial pressure of oxygen breathed in atmospheres absolute. 
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After irradiation there was a second wave of delay in the growth of the tumours (Fig. 3) . This is also shown by the few tumours which have been irradiated when 13 mm. in diameter (Fig. 4) . The time after irradiation at which the minimal rate of growth occurs during this second wave of delay is shown in Table V.  Table V also includes the interval between this time and the time at which the tumours, after the initial period of regression had grown again, to the size of 9 mm. or 13 mm. diameter at which they had been irradiated.
The growth rate of tumours, after they had reached a diameter of 20 mm. is not the same after irradiation as that of untreated tumours. The times taken for growth from the diameter of 21 mm. to 29 mm. have been used to compare these growth rates after the different treatments and are shown in Table VI . Table IV , taken by tumours to grow from the size used for irradiation to 25 mm. diameter (Fig. 5) .
Tumour RIB5 has been examined histologically and the relative volumes of intact and necrotic tissue throughout the tumours computed from serial sections. In different specimens of tumours of the same size these proportions are constant. The tumours may, therefore, tentatively be assumed to contain the same number of cells capable of division. The parameter " time to grow " may consequently be taken as a measure of the rate of increase of the cell population. Because of this, if it could be assumed that the fraction of tumour cells proliferating and their cell-cycle time were the same before and after irradiation (see Part 2 of this discussion), the ordinate " time to grow " used in Fig. 5 would be a measure of the number of cells from which the irradiated tumours grew again and so would be analogous to that of " surviving fraction " on a logarithmic scale as used in cell survival experiments. From these curves it can be seen that in each of the conditions, other than anoxia, in which the tumours were irradiated the points obtained fall approximately on a combination of two theoretical curves: the first, a theoretical curve for full oxygenation, obtained by dividing the doses given anoxically by a constant factor of 3-4 found by trial and error ; the second, anoxic curves drawn from higher points of origin on the ordinate chosen according to the experimental results. This treatment has demonstrated some similarities with the lethal effect of radiation on cells.
One characteristic of the effect of radiation in killing cells is that changes in the concentration of oxygen around them at the time of irradiation often modifies the dose required to produce a given effect, that is to say, any given effect obtained with one concentration of oxygen can be obtained with another by changing the dose by a factor solely dependent on the two concentrations (Read, 1952 ; Alper, 1966) . The maximum factor relating dose-effect curves for anoxia and full oxygenation has generally been found to lie between 2-3 and 3-0 for mammalian cells.
Irradiation of a population containing both well-oxygenated and anoxic cells results in a composite survival curve (Gray, 1961 ; Powers and Tolmach, 1963 anoxic cells in the whole population (Fig. 6 ). Plotted in this way the anoxic components are parallel only when the cell survival curve is exponential. Where survival curves were continuously bending (Barendsen, 1961 ; Sinclair and Morton, 1965) or where dose-effect curves derived from counting total cell populations were continuously bending (Fowler, 1966) the anoxic components would be of the same shape but equidistant only in the direction of the ordinate (Fig. 7) . As a result of changes in the proportion of anoxic cells extrapolation of the anoxic components of survival curves would meet the ordinate at different points. Such changes can be induced in the cell population of tumours by altering the oxygen content of the inspired gas. This has been demonstrated by the cell survival curves obtained after the irradiation of lymphomas in mice (Powers and Tolmach, 1964) .
The gross response of tumour RIB5 to irradiation in other than anoxic conditions results in dose-effect curves which are composite (Fig. 5) . The initial portion is a curve derived from the " anoxic curve " by modifying the dose. It therefore appears that the gross response of this tumour to radiation is modified by oxygen in exactly the same manner as is the survival of cells after irradiation.
It is tempting to conclude from this that the gross response is a manifestation of a cellular response and that, since the neoplastic cells of the tumour far outnumber all others, it is a response of these cells alone. However there are reasons, discussed in Part 2, for believing that other factors modify the growth of surviving neoplastic cells making the proportion of them which survive but one of the factors involved in the gross response, albeit the dominant one. If the survival of the tumour cells were the only factor involved it would be possible to construct cell survival curves from the gross response. Curves have been drawn as if this were so by using the growth curve of the unirradiated tumour, the diameter being plotted on a logarithmic scale (Fig. 8) . Growth is exponential when the tumour is small, but with the development of massive central necrosis, in larger tumours, the rate diminishes. From points in time at which irradiated tumours reach a particular diameter this curve can be used to extrapolate to a diameter on the day of radiation from which a hypothetical unirradiated tumour would have grown to the same point. The volume of such hypothetical tumours bears the same relation to that of the actual tumours when they were irradiated as does the number of clonogenic cells which survive to that which was irradiated. By calculation of these volumes a series of cell survival curves can therefore be constructed (Fig. 9 ). These cannot be accurate because of the assumptions on which they are based, but they are not dissimilar to other published curves, for example, those for the Ehrlich mouse ascites tumour cells (Hornsey and Silini, 1961) .
These findings warrant the conclusion that, whilst the animal is breathing air, the tumour does contain cells which are protected from radiation injury by anoxia clones at a chosen time as a proportion of progeny of unirradiated clones after, say, ten cell divisions (Whitmore and Till, 1964; Fowler, 1966) . Part 2. Changes in tumour growth-rate after irradiation After single doses of radiation tumour RIB5 enlarges for about two days, regresses for a period dependent on the size of the dose, then grows again. The early changes are under investigation. The curves of the later stage of growth appear to depart from a curve for complete regression of the tumour ( Fig. 10  and 3 ) at different points in time. Once growth has started again its progress is not likely to be influenced by the factors effecting regression.
Two aspects of the subsequent growth merit discussion: first, a second wave of delay or regression seen in the growth curves ; and second, the different growth rates of tumours at the larger sizes.
The second wave of delay of growth ( Fig. 3 and 4) occurred after irradiation in all conditions of oxygenation and is apparent after most doses, though it is less evident when tumours had been irradiated under anoxic conditions. It occurred later in time and is of greater length as the dose is increased. However, the difference in time between that at which the groups reached the size at which they had been irradiated and that during the second wave when the growth rate was least appeared nearly constant ; 7-0 ± 0 3 days for 25 groups of tumours radiated when 9 mm. diameter and 7-25 ± 0-8 days for 2 groups of tumours radiated when 13 mm. diameter. At first sight, therefore, it appeared that this time interval was independent of the size of the tumour and the condition of oxygenation when it was irradiated and of the dose given, but the exact relationship of this time to the dose given will be considered with the different growth rates.
Although there is evidence of circulatory failure and stagnation of blood in the capillaries of this tumour, thrombosis of capillaries in tumours which have not been irradiated and in the period immediately following the irradiation is almost unknown. In the period of the second wave of delayed growth up to half the capillaries in the tumours examined have been found to be thrombosed.
These observations can be explained by a hypothesis. Endothelial cells of capillaries were irradiated but so long as there was no call for proliferation no injury was manifest. W;hen the tumours, after regressing for a while, grew up to and beyond the size at which thev had been irradiated cell-division in the endothelial cells was stimulated and this led to cell-death, capillary thrombosis anid a new wave of necrosis of tumour cells. This hypothesis is the subject of further investigation.
When tumours grew again after irradiation, the rate of growth was not the same as that of untreated tumours. This was most clearly seen in the larger tumours after the second wave of delay (Fig. 3) . The time they took to grow from 21 mm. to 29 mm. diameter has been taken as a measure of growth rate (Table VI) . Untreated tumours took approximately 2-6 days. After irradiation under anoxic conditions the time taken to grow between these two sizes lengthened as the dose was increased. This was also true when the animals had breathed 10% oxygen in nitrogen during the irradiation, but with the breathing of air or pure oxygen the time lengthened and then shortened again. This confused situation was somewhat clarified if the time taken by tumours to grow to 25 mm. (Table IVT) itself a measure of the effectiveness of the dose-was used rather than the dose itself. This time has been related to the time taken to grow from 21 mm. to 29 mm. diameter (Fig. 11) . Whatever the condition of oxygenation, all points lie, with considerable scatter, about a single curve. WATith the increasing effectiveness of radiation the time taken to grow from 21 mm. to 29 mm. rises and falls again, that is to say, the growth rate was at first decreased and then increased again.
An explanation of this phenomenon may lie in the alteration of the growthrate of the progeny of surviving cells in a manner analogous to that causing the development of microcolonies from irradiated cells in vitro (Sinclair, 1964; Nias et al., 1965) . In such experiments the growth rate of clones derived from single unirradiated cells varies over a small range. This range is extended as the dose of radiation rises because an increasing proportion of the clones grows more slowly. The slower growth rate appears to be due either to a lengthening of the cell cycle time or to an increase of the proportion of the cells dying within the clones, or a combination of the two. The growth of a tumour reflects the mean rate of population increase at any given time, so that, if the clonogenic survivors of irradiation were affected in the same way as cells in culture, the growth rate of the tumour would be reduced. However, this mean represents a mixed population, part of which is growing more rapidly. The growth rate of the tumour would consequently change with time toward the rate of the faster growing cells. Measurements of the growth-rate of tumour RIB5 (Fig. 11) have been made on populations of approximately the same size but at different times after irradiation. The more effective the radiation has been, the smaller the number of survivors which must, therefore, go through more generations to produce a population of this size. The return toward the faster growth-rate probably results from the proportion of survivors with a faster growth rate having a longer time in which to outnumber those with a slower rate.
In the experiments in which microcolonies have been observed, the effect of irradiation can be expressed as the total number of cells in all clones rather than as the number of clones each derived from one surviving cell. Where the proportion of small clones increases with dose, curves relating the total number of cells in the population at some chosen time after irradiation to the dose given would bend downward with increasing dose even if the corresponding number of survivors FIG. 11.--POintS relating the time taken by tumours to grow from 21 mm. to _9 mm. diameter as a measure of growth rate related to the time taken from 9 mm. to 25 mm. as a measure of the affect of radiation (the relation between the latter time and dose is given in Table IV and Fig. 5 ).
were a straight exponential line (Fowler, 1966) . If the time taken by the irradiated tumours to reach a diameter of 25 mm. were a measure of the time it takes the progeny of surviving cells to reach a certain number, curves relating this time to dose would bend upward with increasing dose. That they do so (Fig. 5) lends support to the notion of a close relationship between the gross response of the tumour and the survival of its clonogenic cells. Some correlation can be found between the slower growth rate of the tumours seen between the sizes of 21 mm. and 29 mm. diameter and the time taken for the second wave of delay in growth to develop after the tumours have regrown to the size at which they were irradiated. This suggests that the mechanism of the delay and the capillary thrombosis which is its immediate cause do indeed result from enlargement of the tumour.
The exact part played in the growth of tumours after irradiationi by the large number of dead and dying cells amongst the survivors (Rev'sz, 1958) has not been assessed, neither has the influence of any possible immune reaction. It is difficult to see how either could have produced the effects observed.
SUMMARY AND CONCLUSION
The gross response of tumour RIB5 appears to be made up of the compound effect of radiation in killing clonogenic cells of the tumours, in altering the growth rate of survivors and in causing damage to the vascular stroma. The response to changes in concentration of respired oxygen suggest that the effect on cell killing dominates the picture. This is perhaps to be expected in this tumour which is anaplastic, and which is so rapidly enlarging as to indicate that most of its cells are proliferating. However, even the oxygen enhancement ratio for the gross response of the tumour appears to be considerably greater than that of its clonogenic cells tested in vitro (McNally, 1966, personal communication) . The difference may be due to the effects on the capillaries. Caution is therefore necessary in deducing the effects of radiation in killing cells from the gross response of tumours or in inducing hypotheses about the effects of radiation on whole tumours from cell survival observations alone.
